Microbial mats are characterized by high primary production but low growth rates, pointing to a limitation of growth by the lack of nutrients or substrates. We identified compounds that instantaneously stimulated photosynthesis rates and oxygen consumption rates in a hypersaline microbial mat by following the shortterm response (c. 6 h) of these processes to addition of nutrients, organic and inorganic carbon compounds, using microsensors. Net photosynthesis rates were not stimulated by compound additions. However, both gross photosynthesis and oxygen consumption were substantially stimulated (by a minimum of 25%) by alanine (1 mM) and glutamate (3.5 mM) as well as by phosphate (0.1 mM). A low concentration of ammonium (0.1 mM) did not affect photosynthesis and oxygen consumption, whereas a higher concentration (3.5 mM) decreased both process rates. High concentrations of glycolate (5 mM) and phosphate (1 mM) inhibited gross photosynthesis but not oxygen consumption, leading to a decrease of net photosynthesis. Photosynthesis was not stimulated by addition of inorganic carbon, nor was oxygen consumption stimulated by organic compounds like glycolate (5 mM) or glucose (5 mM), indicating that carbon was efficiently cycled within the mat. Photosynthesis and oxygen consumption were apparently tightly coupled, because stimulations always affected both processes to the same extent, which resulted in unchanged net photosynthesis rates. These findings illustrate that microsensor techniques, due to their ability to quantify all three processes, can clarify community responses to nutrient enrichment studies much better than techniques that solely monitor net fluxes.
Introduction
Phototrophic microbial mats are dense microbial communities typically containing metabolically diverse microorganisms such as phototrophs (cyanobacteria, diatoms, purple and green (non) sulphur bacteria), anaerobic bacteria (sulphate-reducing bacteria, methanogens, fermentative bacteria) and aerobic bacteria (heterotrophs and chemolithoautotrophs). Owing to the diverse metabolic activities of community members, steep vertical gradients of metabolites develop, in which the mat-building organisms orientate themselves to find optimal conditions (Bauld, 1981; Canfield & Des Marais, 1993) . This often results in a clearly visible vertical lamination (Van Gemerden, 1993; Stal, 2000) . Oxygenic phototrophs are by far the dominant primary producers, and primary production rates in microbial mats are high, with rates having been considered comparable with tropical rain forests (Guerrero & Mas, 1989) . Indeed, when gross photosynthesis rates measured by Jrgensen et al. (1983) or Wieland & Kühl (2000) are converted to carbon yield, assuming a photosynthetic ratio of 0.8 and a photoperiod of 12 h, these values (1500-2000 and 900-1500 mg C m À2 day À1 , respectively) are comparable with estimates of total net primary productivity of tropical forests (median 1900-3500 mg C m À2 day À1 ; Clark et al., 2001) . Like in rain forests, net growth in mature mats is much lower than potentially possible when compared with the high rates of primary production (Krumbein et al., 1977; Canfield & Des Marais, 1993; Nold & Ward 1996) . Low growth rates, despite high primary production, point to high internal cycling of photosynthetically fixed carbon. If not used for biomass production, reduced carbon may instead be partitioned between intracellular storage compounds and excretion products (Myklestad et al., 1989; Alcoverro et al., 2000; Dubinsky & Berman-Frank, 2001 ). These organic excretion products are typically a major energy source for heterotrophic community members, which in turn remineralize it to CO 2 (Canfield & Des Marais, 1993; Van Gemerden, 1993; Stal, 2000) . Part of the excretion products, however, may also be lost from microbial mats by diffusion to the overlying water (Jonkers et al., 2003) . Reasons for limited growth of autotrophic and heterotrophic microbial mat organisms may be insufficient supply of nutrients, or organic or inorganic carbon. Longterm nutrient enrichment studies (from days to weeks) have been widely used to identify nutrient limitation in phytoplankton communities (for reviews on this topic, see Elser et al., 1990; Beardall et al., 2001) . In microbial mats, longterm studies have been used to identify nutrients limiting the phototrophic community by following changes in pigment composition (Pinckney et al., 1995a; Camacho & de Wit, 2003 ). However, a major drawback of long-term incubation studies is that, owing to unavoidable community changes, uncertainties remain about the nutrient status of the original community (Paerl et al., 1993) . In order to avoid this problem, a process that underlies growth (primary production, for example) can be quantified during shortterm incubations instead. However, previous studies following the effect of nutrient addition on photosynthesis rates using 14 CO 2 in microbial mats used incubation times between 2 and 4 days which are not sufficiently short to exclude community changes (Paerl et al., 1993; Pinckney et al., 1995b) . In this study, we therefore used oxygen microsensors, which not only allowed us to quantify the instantaneous ( 6 h) effect of compound additions, but also to distinguish between areal gross oxygenic photosynthesis (AGP), net photosynthesis (NP) and oxygen consumption (OC), calculated from the difference between AGP and NP. This approach was used to test the hypothesis that addition of growth-limiting compounds to a mature microbial mat will result in an instantaneous increase in the net productivity of the oxygen producing and consuming community.
Material and methods

Sampling
Mat samples were collected in Lake Chiprana (La Salada de Chiprana), northeastern Spain. See Jonkers et al. (2003) for a detailed description of the study site, sampling and mat composition, and Table 1 for pore water nutrient concentrations. Before experiments, mats were maintained in a laboratory mesocosm under natural light in aerated water of the same ion composition as natural lake water. Experiments were completed within 19 days of sampling. Although we cannot exclude that during this time some changes in community composition may have occurred, routine microsensor profiling (measuring a minimum of three different locations) of oxygen concentration in these mats showed no significant change in oxygen metabolism during the maintenance period and profiles comparable with profiles obtained in situ at a similar light intensity and temperature.
Microsensor measurements
For experimental short-term incubations, mat pieces of approximately 20 cm 2 were incubated in a flow-through incubation chamber containing 0.5 L of natural Lake Chiprana water. The mat was illuminated with a fibre optic halogen lamp (300 mmol photons m À2 s À1 ; Li-Cor, Model LI-250, Lincoln, NE). Light intensity corresponded to late morning irradiation at the sampling site, ensuring that mats experienced no photoinhibition. NP and volumetric oxygenic gross photosynthesis (VGP) rates of mats were measured before and after addition of potentially ratelimiting compounds using custom built Clark-type oxygen microsensors (Revsbech, 1989) . Before the start of actual photosynthesis measurements, time series of oxygen concentration profiles were measured until a steady-state situation was reached (typically 6 h after compound addition). The diffusive oxygen flux out of illuminated mats was used to calculate net oxygenic photosynthesis rates: oxygen produced minus oxygen consumed in the mat. Subsequently, volumetric gross oxygenic photosynthetic rates QJ;at 100-150 mm depth intervals were measured with the light-dark shift method . Depth integration of respective VGP rates yields the gross oxygenic photosynthesis rate under a given surface area, AGP. OC was finally calculated as the difference between AGP and NP. See Kühl et al. (1996) for a detailed description of calculation procedures. Within a single addition experiment, all profiles were measured at the same location to allow direct comparison between rates before and after addition. We have no evidence that the repeated measurements at the same location induced an artifact, because the initial profile was not different from profiles measured after several successive penetrations. In addition to the oxygen profiles, sulphide (H 2 S) profiles were measured, using an amperometric H 2 S microsensor (Kühl et al., 1998) to check whether additions affected sulphide dynamics.
Added compounds
The compounds added represented one of the following classes (1) inorganic carbon, (2) organic carbon and (3) macronutrients and micronutrients. All solutions were adjusted to the pH of the water (8.3) in which the mats were incubated. Concentrations added (given in brackets as final concentration) were high to allow a fast diffusional supply into the mat. NaHCO 3 (20 mM) was added as an inorganic carbon source. As representatives for organic carbon, those compounds were chosen that are known to be produced in microbial mats and may represent respiration-limiting compounds. Glucose (5 mM) is abundant in mat extracellular polymeric substances (EPS) in form of polyglucose, and glycolate (5 mM) is a photorespiration product. Photorespiration is expected to be high in microbial mats where pH and oxygen concentrations are elevated, but so far photorespiration has only been investigated in hot spring microbial mats (Bateson & Ward, 1988) . However, eight out of 11 cyanobacterial strains cultured in BG11 medium (Allen, 1968) were found to excrete glycolate even when grown in air . Alanine (1 mM) and glutamate (3.5 mM) were chosen as representatives of amino acids. Ammonium (0.1 and 3.5 mM NH 4 Cl), phosphate (0.1 and 1 mM NaHPO 4 ) and trace metal solution SL12B (1 mL L À1 ) (Widdel & Bak, 1992) As a control measurement, both NP and VGP were measured twice during a 6 h period without compound addition.
Statistics
The difference in AGP, NP and OC before and after compound addition was calculated. The difference was then compared with the difference in the control using an unpaired, two-tailed t-test (a = 0.1). Degrees of freedom were adapted, using a Welch correction, because variances might not have been homogeneous.
Results
Effect of compound addition on photosynthesis and oxygen consumption
The effect of addition of inorganic carbon, organic carbon and (micro)nutrients on NP, VGP and AGP were tested. The response of the O 2 concentration profiles, AGP, NP and OC to some selected compound additions is given in Fig. 1 , and an overview of the response of AGP, NP and OC to all compounds added is given in Fig. 2 .
The addition of inorganic carbon did not change the oxygen concentration profile and VGP profiles (Fig. 1a) . Also, the parameters derived from these profiles, AGP and OC, did not change significantly. To investigate possible effects of inorganic nutrients, ammonium, phosphate or trace metals were added. The addition of ammonium in high concentration (3.5 mM) led to a significant decrease in oxygen concentration, NP, VGP and AGP as well as to a decrease in the deduced OC (Fig. 1b) . The oxygen concentration after addition decreased because photosynthesis decreased substantially more than OC. The inhibition of gross photosynthesis was noticeable within 5 min after addition, proving that diffusion of added compounds into the mat was a fast process. However, not one of the oxygen concentration profile, NP, VGP, AGP or OC changed upon addition of ammonium in lower concentration (0.1 mM; Fig. 2 ). Addition of phosphate at concentrations exceeding natural pore water concentrations by around 100 times (1 mM) led to a decrease in both NP and AGP, whereas OC did not change significantly. However, addition of a lower phosphate concentration (0.1 mM), (A) but still almost 10 times the original pore water concentration, had no effect on NP, whereas AGP was significantly increased (Fig. 1c) . Interestingly in this case, as AGP was increased while NP remained unchanged, OC must have increased proportionally to AGP, resulting in an unchanged oxygen concentration profile. Addition of trace metal mixture SL12B (1 mL L À1 )
did not result in significant changes in NP, VGP or AGP.
Of the added organic compounds, neither glucose (5 mM) nor glycolate (5 mM; Fig. 1d ) significantly affected calculated OC rates. However, whereas glucose addition did not affect any process, glycolate addition led to a strong and proportional decrease in both NP and AGP. In contrast to the purely organic compounds glucose and glycolate, the added nitrogen-containing organic compounds alanine (1 mM) and glutamate (3.5 mM) both stimulated AGP substantially by 28% and 25%, respectively. Although, after the addition of both compounds, AGP increased almost to the same extent, only the effect of alanine was significant at the 10% level. In both cases, NP remained unchanged, implying that OC must have increased proportionally to the increased AGP rates, as was observed in the case of phosphate (0.1 mM) addition.
Effect of addition on H 2 S profiles
As an example of the effect of additions on sulphide (H 2 S) concentration in the mat, the influence of glucose addition on the H 2 S light profiles is shown in Fig. 3 . H 2 S concentration increased after the addition of glucose. At a depth of 3 mm, sulphide concentration increased from 16 mmol L À1 to 23 mmol L À1 . The H 2 S front, which is the shallowest depth at which H 2 S is detectable, moved upwards from 2.2 to 2.1 mm upon addition of glucose. The profile shape shows that H 2 S diffused upwards and that H 2 S was oxidized immediately when reaching the oxygenated mat area. Fig. 1 illustrates that oxygenated mat layers reached deeper than the photosynthetic active layers, so that all H 2 S was oxidized before it could reach the photosynthesizing layer. In none of the cases did the H 2 S front reach parts of the mat where oxygenic photosynthesis took place during the experiment. Table 2 shows the effects of the additions of various compounds on H 2 S dynamics. The organic compounds glutamate, glycolate and glucose caused an increase in H 2 S concentration, but in none of the addition experiments was H 2 S detectable in the zone of oxygenic photosynthesis.
Discussion
In this study, selected nutrients and carbon compounds were tested for their potential to instantaneously ( 6 h) stimulate net productivity of the oxygenic microbial community of mature Lake Chiprana microbial mats. We hypothesized that net productivity NP would increase upon addition of a growth-limiting compound. Unexpectedly, none of the added compounds stimulated NP during the short-term incubation period. In contrast, however, gross photosynthesis and OC, two processes that underlie NP, appeared to be substantially stimulated by certain additions. The respective compounds stimulated both processes by the same molar amount (alanine stimulated AGP by 3.9 Â 10 À7 and OC by 4.4 Â 10 À7 mol m À2 s À1 ; glutamate 13.1 Â 10 À7 /13.6 Â 10 À7 and 0.1 mM phosphate 15.0 Â 10 À7 /14.9 Â 10 À7 ), resulting in a virtually unchanged NP. These observations are highly interesting because the proportionality of the stimulation indicates that both processes were tightly coupled. Owing to the close coupling, a structural approach, which distinguishes between the two processes, is essential for a correct interpretation of the experiment. If a global approach that measures exclusively net fluxes such as NP had been used, the positive effects of phosphate and amino acids would have been overlooked. Only in the case of inhibition did the two processes seem more loosely coupled. For example, addition of higher concentrations of phosphate (1.0 mM) and the organic compound glycolate resulted in a significant inhibition of gross photosynthesis, whereas OC apparently remained unchanged, because in these cases measured NP rates decreased to the same extent as gross photosynthesis rates.
Stimulation of gross photosynthesis
Gross photosynthesis was substantially stimulated by addition of 0.1 mM phosphate (Figs 1c, 2) , implying that the process of oxygenic photosynthesis was limited by phosphorus. Phytoplankton research showed that when biosynthesis is limited as a result of limited nutrient supply (e.g. N, P), photosynthetic oxygen evolution by photosystem II (PS II) is decreased because, during illumination, continuous biosynthesis of the D1 protein is necessary to ensure the functioning of the oxygen-evolving complex of PS II (Mattoo et al., 1984; Aro et al., 1993; Bouchard et al., 2005) . Therefore a possible explanation for the stimulation of AGP after phosphate addition (0.1 mM) lies in the increased photochemical efficiency upon resupply of a limiting nutrient. This phenomenon has been also used as a basis for bioassays to identify nutrient limitation of phytoplankton (Beardall et al., 2001) . Documented long-term (from days to weeks) addition studies concerning microbial mat communities reported preferential growth of cyanobacteria over diatoms after phosphate addition (Pinckney et al., 1995b; Camacho & de Wit, 2003) , suggesting that the cyanobacteria profited from P-additions, as they are inferior P-competitors to diatoms (Tilman, 1982; Smith, 1983) . The observation that amino acids but not inorganic nitrogen stimulated gross photosynthesis (Fig. 2) is an interesting observation; however, it is difficult to explain in terms of nutrient limitation. We hypothesize that, because ammonium did not stimulate gross photosynthesis, inorganic nitrogen was probably not limiting growth of the phototrophic community, a conclusion supported by high ammonium concentrations present in the mat pore water. Amino acids provide carbon and nitrogen in Redfield ratio. We therefore suggest that carbon and nitrogen supplied in this ratio may represent a preferable nitrogen source and therefore stimulate gross photosynthesis instantaneously. Recent findings from Zubkov et al. (2004) indeed suggest that amino acids can be used as a nitrogen source by some cyanobacteria, because up to 50% of the total amino acid uptake of an Arabian Sea community was assigned to Prochlorococcus. Also, Synechococcus populations were shown to contribute to the amino acid uptake (Zubkov et al., 2003) , showing that photosynthetic cyanobacteria can take up key compounds heterotrophically. The positive effect of amino acids may also be related to the fact that amino acid availability can increase the capacity of cyanobacteria to recycle glycolate intracellularly via glyoxylate, which is then aminated to glycine using glutamate, for example, as amino donor (Renström-Kellner & Bergman, 1989) . The decreased excretion of glycolate, a compound that was found to inhibit AGP when added in high concentration, could therefore be one explanation for the increase of AGP after amino acid addition. 0, no change within 7 h after addition; 1, increase in H 2 S after addition. Fig. 3 . Effect of glucose addition on H 2 S profiles. Black, before addition; white, after addition.
Inhibition of gross photosynthesis
The inhibition of photosynthesis by higher concentrations of phosphate (1 mM) and ammonium (3.5 mM) may have resulted from toxic effects. Ammonium becomes deprotonated at high pH values ( 48.5), occurring in the photic zone of microbial mats, and enters cells as uncharged NH 3 . As a weak base, the flux of NH 3 is directed to the most acidic compartment, for example the thylakoid lumen, where it uncouples the H 1 gradient (Kleiner, 1985; Belkin & Boussiba, 1991) . High phosphate concentrations are known to affect culture growth negatively (Friedlander & Benamotz, 1991) . Owing to the complexation of phosphate and iron, high phosphate concentrations have also been suggested to result in iron limitation (Chalker-Scott, pers. comm.), which leads to a decrease in the photosynthetic reaction centre protein D1 (Greene et al., 1991; Vassiliev et al., 1995) . In both cases, additions did not stimulate H 2 S production, excluding that H 2 S caused the observed decrease in gross photosynthesis. The observed inhibitory effect of glycolate (Fig. 1d ) on oxygenic photosynthesis is interesting because glycolate is a known photorespiration product in microbial mats (Bateson & Ward, 1988) . Photorespiration reduces the efficiency of CO 2 fixation at high O 2 : CO 2 ratios, a condition usually observed in light incubated mats where oxygen supersaturation and pH are high. The observed decrease in NP upon glycolate addition leads to a lower O 2 : CO 2 ratio, increasing the carboxylase activity of RubisCO. Because the H 2 S front did not reach the photic zone after glycolate addition, a poisoning effect of free sulphide on PSII can be excluded. The inhibitory effect of glycolate is in contradiction with the observation of Grötzschel et al. (2002) of a different mat system in which OC and photosynthesis were stimulated 6 days after glycolate addition. The increased OC was thought to relieve the CO 2 limitation of photosynthesis, a response not to be expected in our mat system, because we found evidence against CO 2 limitation. The different response of phototrophs in the two studies may have resulted from differences in community composition or to adaptation of community members to high glycolate concentrations in the long-term study.
Effect of additions on oxygen consumption
Oxygen consumption rates were apparently not stimulated by addition of the purely organic components glycolate and glucose but by amino acids, suggesting that this process was nitrogen-limited rather than carbon-limited or that a combination of organic carbon and nitrogen is needed. The observation that a substantial increase in gross photosynthesis was in all cases accompanied by a commensurate increase in OC points to a certain coupling between the two processes. The response of OC to addition of rate limiting compounds is integrated over a diverse community and includes O 2 consumed by aerobic heterotrophs, but also by oxidation of reduced substances produced by anaerobic respiration. However, because OC rates in the light were not directly measured but instead derived from quantified net and gross photosynthesis rates, interpretations of OC rates should be carefully considered.
Effect of additions on carbon partitioning and growth
An increased gross photosynthesis rate that is not accompanied by an increase in NP means that the net community productivity remained unchanged. This can mechanistically be explained in terms of community carbon flow. NP is the amount of carbon fixed by phototrophs that is not respired within the mat. This can either be organic carbon that is fixed in cell biomass (thus supporting growth), intracellular storage compounds or excretion products that are not respired, for example a recalcitrant fraction of EPS or dissolved organic carbon that is lost from the mat to the overlying water (Jonkers et al., 2003) . Whereas the oxygen microsensor technique allows calculation of CO 2 fixation rates, this technique does not provide information about the repartition of reduced C among structural cell material, storage compounds, EPS and low-molecular-weight excretion products. We think that the addition of growth-limiting nutrients may shift this repartition in favour of structural cell material, thus allowing growth without a concomitant increase of net productivity. Previous studies have shown that the fraction of carbon that is excreted by phototrophs is high under nutrient limitation and decreases upon relieve of limitations (Myklestad et al., 1989; Staats et al., 2000) .
Close coupling between photosynthesis and oxygen consumption
The close coupling between photosynthesis and OC when stimulated by compound addition is highly interesting. A close coupling of respiration and photosynthesis was observed before by Glud et al. (1999) , who showed that local respiration maxima are spatially closely coupled to local photosynthesis maxima. In our study, all stimulating treatments resulted in an identical response of gross photosynthesis and OC. This close coupling may indicate that heterotrophs depend on phototrophs for carbon supply. This implies that either the absolute amount or the quality (e.g. N-or P-containing compounds) of photosynthetic excretion products increases after addition. Although the former could occur at the expense of recalcitrant carbon or at the expense of carbon lost to the overlying water, observations of the present study support the latter possibility: amino acids but not glucose or glycolate apparently stimulated OC.
On the other hand, the tight coupling between oxygenic photosynthesis and OC may also result from the dependance of phototrophs on heterotrophic CO 2 production. However, this was probably not important in the mat, because the supply of inorganic carbon did not enhance gross photosynthesis. Alternatively, oxygenic photosynthesis might suffer from high oxygen partial pressure. Whereas phototrophs are able to decrease the amount of oxygen produced during photosynthesis, they might depend on aerobic heterotrophs to lower further the oxygen partial pressure and thereby lower photorespiration. Whether this was the case could not be unraveled in the present study. The light-dark shift method measures the decrease in oxygen concentration within 1 or 2 s after darkening. During this time, diffusion and respiration remain constant, so that the decrease in oxygen concentration corresponds to the original photosynthesis rate. Also, the O 2 : CO 2 ratio and thus photorespiraton will remain constant during the initial seconds after darkening. Thus oxygen consumed by the photorespiration is included in the OC. Phototrophs might also depend on aerobic organisms to lower oxygen partial pressure in order to decrease the amount of reactive oxygen species. Increased oxygen partial pressure has indeed been found to inhibit gross photosynthesis in mat communities (Garcia-Pichel et al., 1999) . Our study thus points to the possibility that high rates of oxygenic photosynthesis depend on a possible dependance that is usually less considered, namely that of phototrophs on OC by aerobic bacteria.
Conclusions
Using microsensors to monitor responses of photosynthesis and OC to addition of potentially rate-limiting compounds proved a valuable method to avoid community shifts in response to nutrient additions but instead to study directly the nutrient status of the dominant microbial mat organisms. While this method thus allows a detailed insight into the physiological community at the investigated area, extrapolations to the ecosystem level require many more measurements to account for the spatial heterogeneity of some microbial mats. Using this microsensor method, we found evidence that in microbial mats of Lake Chiprana OC and oxygenic photosynthesis are tightly coupled, because both were stimulated to the same extent and by the same compounds. The close coupling between photosynthesis and OC stresses the importance of a method that distinguishes between gross and NP in order to be able to interpret results of addition experiments in communities where photosynthesis and OC rates might be closely coupled.
